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1.0 SUMMARY 
This is the final report ,for the Control Technology Aeroassisted 
Orbital Transfer Vehicle study contract (NAS8-37358). 
The long range goal of the Aeroassisted Orbital Transfer Vehicle 
(AOTV) program is to furnish NASA with a reusable orbital transfer 
vehicle with a larger payload capability, achieved by replacing a 
propulsive orbit transfer maneuver with an aeroassisted maneuver. 
The focus of this contract has been to develop the control 
technology required to identify the sophistication required for 
the AOTV control system. Our primary control objective has been 
to develop control techniques which minimize the exit condition 
errors while minimizing the control effector energy usage. The 
control technology also promotes low cost, high reliability, 
serviceability, refueling, recalibration, autonomy, and 
space-basing. 
The primary design challenge for the AOTV mission is to minimize 
.the fuel used for atmospheric maneuvering and orbit establishment 
following the aerobraking maneuver. (Fuel used for orbit 
establishment is estimated by assuming impulsive velocity changes, 
ref,erred to a s  AV burns.) This can be accomplished with a 
combination of effective guidance and control The 
HYPAS algorithm used in this study made it necessary to use large 
thrusters to give the vehicle a response fast enough to follow the 
quickly changing large angle guidance commands. 
algorithms. 
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An angle-of-attack and bank angle command control technique has 
been developed consistent with the AOTV guidance approach. Both 
on-off thrusters and propartional thruster systems have been 
analyzed for the control effectors. For the proportional 
thrusters, a classical linear control design was synthe.sized. For 
the conventional on-off thrusters, a phase-plane control algorithm 
was developed. Both designs furnish adequate control with the 
proportional thruster technique using less energy. An 
angle-of-attack adaptive controller was used to minimize the RCS 
fuel usage due to payload center of gravity uncertainties. A 
semi-adaptive gain computer was developed to minimize the mission 
data load. 
The control techniques were verified using a detailed 6 D O F  
simulation. The effect of parameter uncertainty on mission 
'performance and guidance/control performance was examined. 
Uncertainties in the entry state, mass properties,. atmosphere, 
aerodynamics, and sensor data were evaluated. 
The vehicle performed well for most parameter variations, being 
the most sensitive to entry state errors and least sensitive to 
sensor and aerodynamic errors, suggesting that the system is very 
sensitive to the guidance and not as sensitive to uncertainties in 
the dynamics. This turned out to be the case as the primary 
difficulty in controlling the AOTV in this study was getting 
enough control authority to effectively follow the HYPAS guidance 
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commands. 
Several advanced control concepts are presented in the report. 
Advanced technology for the AOTV includes semi-adaptive and fully 
adaptive control techniques, as well as control designs which 
minimize cost and increase reliability. 
A nonlinear six-degree-of-freedom ( 6 D O F )  simulation was used to 
evaluate the attitude control techniques. The simulation included 
the Hybrid Predictive Aerobraking Scheme (HYPAS) guidance 
algorithm, Global Reference Atmosphere Model (GRAM) atmosphere 
models, and full nonlinear equations of motion including orbital 
effects .- 
A three-degree-of-freedom ( 3 D O F )  simulation was used for 
comparison purposes. The 3 D O F  simulation included the same 
guidance algorithm but only point-mass dynamics and no control 
system. Outputs of the two simulations were compared to validate 
correct implementation of the guidance algorithm and equations of 
motion. 
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2 . 0  CONTROL CONCEPT 
The c o n t r o l  c o n c e p t  f o r  t h e  AOTV w a s  d e v e l o p e d  based on  t h e  
m i s s i o n  r equ i r emen t s ,  the  dynamic p r o p e r t i e s  o f  t h e  shaped-brake 
v e h i c l e ,  a n d  t h e  o p e r a t i o n  o f  t h e  g u i d a n c e  a l g o r i t h m :  The 
f o l l o w i n g  s e c t i o n s  descr ibe  each o f  t hese  e l e m e n t s  a n d  t h e  
r e s u l t i n g  a t t i t u d e  c o n t r o l  system. 
2.1 Mission 
Severa l  AOTV c o n c e p t s ,  i n c l u d i n g  a b a l l u t e - t y p e  v e h i c l e ,  a 
l i f t i n g - b r a k e  v e h i c l e ,  a n d  a s h a p e d - b r a k e  v e h i c l e ,  h a v e  b e e n  
c o n s i d e r e d  i n  r e c e n t  s t u d i e s ,  see F i g u r e  2.1-1.  The shaped-brake 
v e h i c l e  was used  i n  t h i s  s t u d y .  
The vehicles a r e  used  t o  t r a n s f e r  payloads  between geosynchronous 
( G E O )  a n d  low e a r t h  o r b i t  ( L E O ) .  A pass  t h r o u g h  t h e  E a r t h ' s  
atmosphere, referred t o  as t h e  "aeropass ,"  i s  used  t o  "brake" t h e  
v e h i c l e  f o r  i n s e r t i o n  i n t o  t h e  low e a r t h  o r b i t .  The a e r o p a s s  
r e d u c e s  t h e  amount o f  f u e l  r e q u i r e d  t o  s low t h e  vehicle .  F i g u r e  
2.1-2 shows a t r a n s f e r  from GEO t o  LEO. Fol lowing  t h e  a e r o p a s s ,  
three p r o p u l s i v e  burns  are used t o  e s t a b l i s h  t h e  c o r r e c t  low ear th  
o r b i t .  These b u r n s  are  a l s o  shown on F i g u r e  2 . 1 - 2 .  A t y p i c a l  
a l t i t u d e  v e r s u s  v e l o c i t y  p r o f i l e  i s  shown i n  F i g u r e  2.1-3. Not ice  
t h a t  t h e  v e h i c l e  e x i t s  t h e  atmosphere ( rough ly  4 0 0 , 0 0 0  feet)  9500 
f e e t  p e r  second s lower  t h a n  t h e  e n t r a n c e  v e l o c i t y .  F i g u r e s  2 .1-4  
and 2.1-5 show t h e  dynamic p r e s s u r e  and t h e  bank a n g l e  v e r s u s . t i m e  
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ang le  v e r s u s  t&me pro f  les  f o r  t h e  nominal miss ion ,  r e s p e c t i v e l y .  
2.2 AOTV Shaped-Brake Characteristics 
The shaped-brake concept has  t h e  p rope r ty  t h a t  t h e  l i f t  v e c t o r  can 
be d i r e c t e d  by r o l l i n g  t h e  vehicle a round  t h e  v e l o c i t y  v e c t o r .  
Thus, the  v e h i c l e  can  be used t o  p u l l  i n t o  o r  o u t  of t h e  o r b i t a l  
p l a n e  as w e l l  a s  up o r  down, see F i g u r e  2.2-1. The shaped-brake 
vehicle  t y p i c a l l y  f l i e s  a t  l a r g e  a n g l e s  o f  a t t a c k  (70° - 80°), 
meaning t h a t  t h e  r o l l i n g  mot ion  a b o u t  t h e  v e l o c i t y  v e c t o r  i s  
p r i n c i p a l l y  a yawing motion i n  t h e  body a x e s .  The shaped-brake 
vehicle and  t h e  aerodynamic and c o n t r o l  c o o r d i n a t e  sys t ems  a r e  
shown i n  F i g u r e  2.2-1. The aerodynamic c h a r a c t e r i s t i c s  o f  the  
shaped-brake are shown i n  F i g u r e  2.2-2. For t h e  v e h i c l e  u sed  i n  
t h i s  s tudy ,  t h e  L/D r a t i o  w a s  0.2. 
2.3 AOTV Performance Corridor 
The shaped-brake  AOTV h a s  a l i f t i n g  c h a r a c t e r i s t i c  t h a t  can  be 
used t o  c o n t r o l  t h e  vehicle t r a j e c t o r y  and o b t a i n  a desirable exit 
v e l o c i t y  a n d  i n c l i n a t i o n .  The L / D  r a t i o  d e f i n e s  a r e g i o n  o f  
s u c c e s s f u l  mission opera t ion ,  referred t o  as the c o n t r o l  c o r r i d o r ,  
a s  i l l u s t r a t e d  i n  F i g u r e  2.3-1. T h e  name c o n t r o l  c o r r i d o r  comes 
f r o m  t h e  f a c t  t h a t  w i t h i n  t h i s  r e g i o n ,  t h e  AOTV c a n  be  
s u c c e s s f u l l y  c o n t r o l l e d  and guided t o  t h e  e x i t  window by d i r e c t i n g  
t h e  l i f t  v e c t o r .  Bigger L/D r a t i o s  cor respond t o  w i d e r  c o r r i d o r s .  
If t h e  t r a j e c t o r y  c a r r i e s  t h e  v e h i c l e  o u t s i d e  of the c o r r i d o r ,  t h e  
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AOTV will not achieve the desired exit window. The upper corridor 
boundary is characterized by a continuous downward pointing lift 
vector, which is used to pull the vehicle into the atmosphere in 
order to decelerate to an acceptable exit speed. Conversely, the 
lower corridor boundary is characterized by a continuous upward 
pointing lift vector, used to avoid excessive speed depletion. 
Figure 2 . 3 - 2  shows the relationship between the total orbit 
insertion AV burn and the control corridor. Inside the corridor, a 
minimum AV burn can be achieved rotating the lift vector such that 
the desired trajectory is obtained. 
The control corridor width is closely related to the lift 
characteristic of the vehicle; with a high L/D ratio, the AOTV has 
more control authority and is more capable of pulling in and out 
of the atmosphere. Conversely, at a low L/D ratio, the corridor 
width is reduced. Figure 2 . 3 - 3  shows a plot of the control 
corridor width versus the L/D ratio. This figure represents the 
maximum corridor width available with a perfect navigation and 
guidance/control system, and with no orbital inclination change. 
The minimum control corridor width required, resulting from 
navigation (entry state) error and aerodynamic uncertainties, is 
summarized in Figure 2.3-4. The detailed analysis for each of the 
variables can be found in the sensitivity study (Sections 5 . 2  and 
5.5). Combining the effect from the listed errors and 
uncertainties yields a minimum corridor width of 4.99 nautical 
miles. A 35% margin results in a control corridor width 
6 
requirement o f  6.75 nautical miles. 
Figure 2.3-5 shows the impact of the L/D ratio on the maximum 
plane change capability. It indicates that the higher the lift the 
more turning capability is available. However, an orbit plane 
change reduces the available control corridor width because the 
vehicle must spend time to correct direction as well as speed. The 
effect of the plane change can be seen in Figure 2 .3 -6 .  
2 . 4  Guidance System (HYPAS) 
The HYPAS (Hybrid Predictive Aerobraking Scheme) guidance 
algorithm was obtained from MSFC and implemented in the 6DOF and 
3 D O F  simulations. The scheme consists of two coupled algorithms 
for aeroassisted orbit maneuvers. One algorithm operates to 
control the out-of-plane motion in order to achieve the desired 
orbit plane. The second algorithm operates in the vertical plane 
* -  
by targeting the exit conditions to achieve the desired orbit 
apogee. The vertical plane algorithm has two phases. The first 
phase is an equlibrium glide phase in which the guidance 
parameters can be adjusted to c o n t r o l  the minimum altitude, 
maximum g-load, and heating rates. The exit phase (second phase) 
guides to the desired apogee altitude and attempts to minimize the 
AV required for insertion into the final low earth orbit (LEO) .  
The algorithm output is a bank angle command. The angle-of-attack 
for the lifting brake is constant and the bank angle is used to 
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c o n t r o l  t h e  d i r e c t i o n  o f  t h e  l i f t  v e c t o r .  A n e g a t i v e  bank a n g l e  
command w i l l  p u l l  t h e  v e h i c l e  t o  t h e  l e f t  a n d  a p o s i t i v e  bank  
a n g l e  command w i l l  p u l l  t h e  v e h i c l e  t o  t h e  r i g h t  ( v e l o c i t y  a x e s ) .  
If t he  magnitude o f  t h e  command is  less t h a n  90 degrees, t h e  l i f t  
v e c t o r  w i l l  p u l l  t h e  v e h i c l e  away f r o m  t h e  E a r t h .  I f  t h e  
magni tude  o f  t h e  command i s  greater t h a n  90  degrees t h e  v e h i c l e  
w i l l  b e  p u l l e d  toward  t h e  Earth. The f o u r  q u a d r a n t s  are shown i n  
F i g u r e  2.4-1.  
2 . 5  Control Technique 
A r e a c t i o n  c o n t r o l  system w a s  developed t o  manuever t h e  vehicle i n  
r e s p o n s e  t o  t h e  g u i d a n c e  commands. A b l o c k  diagram o f  t h e  AOTV 
c lass ical  c o n t r o l  sys tem and a t t i t u d e  c o n t r o l  b l o c k s  i s  shown i n  
F i g u r e  2.5-1.  The r e a c t i o n  c o n t r o l  sys t ems  reside i n  t h e  p i t c h ,  
yaw, a n d  r o l l  b l o c k s .  The i n p u t s  t o  t h e  RCS a r e  t h e  a t t i t u d e  
e r r o r s  and  t h e  o u t p u t s  are t o r q u e s  abou t  t h e  c o r r e s p o n d i n g  a x e s .  
The f o l l o w i n g  two s e c t i o n s  describe t h e  c h o i c e  o f  t h e  c o n t r o l  
e f f e c t o r  and t h e  o p e r a t i o n  o f ' t h e  c o n t r o l  system. 
2 . 5 . 1  Control Effectors 
Two t y p e s  o f  c o n t r o l  e f f e c t o r s  were c o n s i d e r e d  f o r  t h e  AOTV, 1) 
r e a c t i o n  c o n t r o l  j e t s  ( t h r u s t e r s ) ,  a n d  2 )  a e r o d y n a m i c  t r i m  
s u r f a c e s .  T h r u s t e r s  a r e  r e q u i r e d  f o r  c o n t r o l  i n  t h e  space 
envi ronment ,  w h i l e  t h e  aerodynamic t r i m  t a b  c o u l d  be u s e d  i n  t h e  
a e r o p a s s .  The added complex i ty  o f  t h e  t r i m  t a b  ( c o n t r o l  s u r f a c e ,  
a c t u a t o r ,  power sou rce )  and t h e  l a c k  of a requirement  f o r  precise 
a n g l e - o f - a t t a c k  c o n t r o l  r educed  t h e  need  f o r  t h e  t r i m  s u r f a c e .  
The  g u i d a n c e  a l g o r i t h m  d o e s  n o t  r e q u i r e  c o n t r o l  o f  t h e  
angle-of -a t tack  because it assumes t h a t  the  vehicle i s  s t a b l e  and 
o p e r a t i n g  a t  t h e  aerodynamica l ly  trimmed a n g l e - o f - a t t a c k .  I t  i s  
n o t  f e a s i b l e  t o  t r i m  the  vehicle a d i f f e r e n t  ang le -o f -a t t ack  w i t h  
t he  r e a c t i o n  c o n t r o l  j e t s  i n  t he  atmosphere due t o  e x c e s s i v e  f u e l  
u se .  I 
The t h r u s t e r s  were l o c a t e d  such t h a t  t h e y  do n o t  impinge upon the  
vehicle' s t r u c t u r e  and  are shielded from t h e  h e a t i n g  wake. T h e  
l o c a t i o n s  are a t  15.7 feet f o r e  and a f t  of  t h e  c e n t e r  of  g r a v i t y ,  
and 5 . 0  feet on each side of  the c e n t e r l i n e .  Figure 2.5.1-1 shows 
t h e  vehicle and t h e  t h r u s t e r  l o c a t i o n s .  Only t he  yaw t h r u s t e r s  
create a pu re  moment on t h e  vehicle; t he  p i t c h  and roll t h r u s t e r s  
a l s o  p r o d u c e  a f o r c e  a l o n g  t h e  p o s i t i v e  body Z a x i s .  A t  t h e  
trimmed angle-of -a t tack ,  t h i s  produces a small AV effect .  
2 .5 .2  Control System 
Two RCS c o n t r o l  t e c h n i q u e s  w e r e  developed f o r  t h e  AOTV. Both 
methods w e r e  designed t o  accommodate bank and  a n g l e - o f - a t t a c k  
commands from t h e  guidance  a lgo r i thm.  The f i r s t  c o n t r o l  d e s i g n  
uses  c l a s s i c a l  l i n e a r  c o n t r o l  t h e o r y  w i t h  p r o p o r t i o n a l  t h r u s t e r s .  
R e c e n t  a d v a n c e s  i n  t h r u s t e r  t e c h n o l o g y  h a v e  made t h e  u s e  o f  
t h r o t t l e a b l e  t h r u s t e r s  f e a s i b l e .  The c o n t r o l  s y s t e m  u s e s  
a t t i t u d e  and derived r a t e  feedback i n  a p r o p o r t i o n a l / d e r i v a t i v e  
9 
control architecture. The gains for each axis were chosen to give 
a 0.2 Hz response and a damping ratio of 0.8. 
The second design uses conventional on-off thrusters in a 
phase-plane control algorithm.. The phase-plane uses parabolic 
switching curves derived from the maximum acceleration capability 
and a rectangular dead zone to mimimize minimum-bit limit cycling. 
The parabolic switching curves give minimum time respone to an 
error signal and no chattering along the switching line. Figure 
2.5.2-1 is a block diagram of the two control system layouts. The 
pitch, yaw, and roll control law blocks in Figure 2.5-1 can be 
either of the above mentioned control techniques. Figure 2.5.2-2 
lists the parameters for each axis f o r  both control techniques. 
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3.0 DESIGN CRITERIA 
A set of design criteria, such as the stabilty marg'ins and 
response times, are usually specified for the control design. The 
6DOF simulation with atmosphere and vehicle/hardware uncertainties 
is then used to evaluate the performance and robustness of the. 
design. This section details the design criteria that were used to 
develop the AOTV control system. 
3.1 Fuel U s e  And Control Response Requirements 
The criteria f o r  the design of the AOTV autopilot were to create a 
control design that would minimize the fuel burned during the 
atmospheric maneuvers and also to closely follow the guidance 
commands to minimize the fuel needed for insertion into the 
desired orbit. These tend to be opposing criteria since the first 
objective requires minimal thruster use and the second objective 
requires significant thruster use to follow rapidly changing 
large angle guidance commands. 
The autopilot must have sufficient bandwidth and accuracy to 
insure that the total system achieves a desirable post-aeropass 
velocity and trajectory. An indication of the robustness can be 
identified in the gain and phase margin of the system. These 
margin are calculated by opening each loop of the autopilot and 
analyzing the stability margin. The design goal for each autopilot 
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loop, opened at the actuator comman'd, is +6 db gain margin and +30 
degrees phase margin. The overall system robustness is verified 
with the sensitivity analysis, wich is measured in terms of fuel 
consumption and DV. 
3.2 Atmosphere Characteristics 
Variations in the atmosphere directly affect the AOTV mission. The 
control system must be able to handle variations in density by as 
much as twenty percent. The system must also accommodate winds of 
up to 400 feet per second. Figure 3.2.-1 shows sample air density 
and wind profiles generated for each season using the GRAM 
atmosphere model (Global Reference Atmosphere Model). 
3.3 Design Uncertainties 
The control system must be able to handle uncertainties in the 
mass distribution, aerodynamic models, and sensor outputs. The 
following section lists an estimate of the vehicle and hardware 
uncertainties. The uncertainty values are the result of past 
experiences on other projects and associated hardware. These 
values are used in the sensitivity analysis in Section 5. 
3.3.1 Mass Properties 
In the design phase, the uncertainty in mass properties is large. 
As the project evolves to the final design and the payload and 
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mass properties are more accurately determined, the uncertainty 
value approaches 2-5%. Each payload will alter the c.g. location 
of the vehicle, which will in turn alter the trim position. The 
control system must remain stable in the c.g.-shifted condition. 
3.3.2 Aerodynamics 
Table 3.1 lists estimates of the aerodynamic uncertainties. These 
tolerances apply to a vehicle which has been aerodynamically wind 
tunnel tested. The values are associtated with the wind tunnel 
test accuracy. The uncertainties are small (&5%) for force data, 
with somewhat larger uncertainty for the moment data. The 
tolerances are large for the moment cross-coupling term since the 
nominal values are usually small. 
3 . 3 . 3  Strapdown Platform Uncertainties 
Table 3..2 lists the tolerances associated with a strapdown 
platform. Values shown are specification values received f r o m  
strapdown platform vendors. These values are fo r  state-of-the-art  
missile hardware. 
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4 . 0  DESIGN SYNTHESIS 
T h i s  s e c t i o n  p r e s e n t s  t h e  r e s u l t s  o f  t h e  t rade  s t u d i e s  u s e d  t o  
de te rmine  the f i n a l  c o n t r o l  system des ign .  The r e s u l t s  w e r e  used 
t o  m o d i f y  a n d  f i n e  t u n e  t h e  c o n t r o l  s y s t e m  a n d  t h e  g u i d a n c e  
a lgo r i thm t o  ach ieve  better miss ion  performance. 
4 . 1  Thruster Sizing - 
T h r u s t e r  s i z e s  o f  1 0 0  lbs, 250 lbs, 350 l b s ,  a n d  500 l b s  were 
traded t o  determine t h e  required s i z e .  I n i t i a l l y ,  a l l  axes  (roll, 
p i t c h ,  and  yaw) u s e d  t h e  same s i z e  o f  t h r u s t e r .  I n  t h e  f i n a l  
des ign ,  smaller t h r u s t e r s  were used i n  t h e  p i t c h  a x i s  because  t h e  
bank commands from t h e  gu idance  a l g o r i t h m  i n v o l v e  o n l y  t h e  r o l l  
and yaw t h r u s t e r s  ( f o r  trimmed ang le -o f -a t t ack )  . 
R a t e  l i m i t s  o f  15 deg/sec, 1 7  deg/sec, 20 deg/sec, and 30  deg/sec 
were used  i n  t h e  a u t o p i l o t s .  The r a t e  l i m i t s  w e r e  u sed  t o  smooth 
t h e  b a n k  command a n d  e l i m i n a t e  excess ive  f u e l  u s e  i n  t h e  
t h r u s t e r s .  F i g u r e  4 . 1 - 1  is a block diagram of t h e  digital 
a u t o p i l o t  des ign .  
The effects o f  t h e  RCS t h r u s t e r  s i z e  and the  a u t o p i l o t  r a t e  l i m i t  
w e r e  examined us ing  the  t o t a l  f u e l  and t o t a l  AV as measures of  t h e  
s e n s i t i v i t y .  F igu re  4.1-2 shows t h e  f u e l  u s e  v e r s u s  t h r u s t e r  s i z e  
f o r  a l l  f o u r  r a t e  l i m i t  c o n f i g u r a t i o n s .  The 15 deg/sec case 
i n d i c a t e s  t h e  lowes t  f u e l  u se  b u t  i n  f a c t  t h e  l ag  w a s  s o  extreme 
w i t h  r e s p e c t  t o  t h e  g u i d a n c e  a l g o r i t h m  t h a t  t h e  a u t o p i l o t  
e f f e c t i v e l y  did nothing.  This i s  r e f l e c t e d  i n  F igure  4.1-3 f o r  t h e  
15 deg/sec c u r v e  w h i c h  shows l a r g e  AV r e q u i r e m e n t s  f o r  any  
t h r u s t e r  s i z e .  Larger t h r u s t e r s  combined w i t h  t h e  l a r g e r  r a t e  
l i m i t s  pe r fo rmed  be t t e r  a t  t h e  expense  of '  more f u e l  bu rned .  A 
somewhat "opt imal"  d e s i g n  can  be  chosen by t r a d i n g  f u e l  used f o r  
r e q u i r e d  AV. The 20  deg/sec r a t e  l i m i t  g ives . the  l o w e s t  AV f o r  
t h e  smaller t h r u s t e r  s i z e s  and t h e  median r e s p o n s e  f o r  t h e  fuel 
u s e .  A 2 5 0  l b  t h r u s t e r  g i v e s  a AV o f  a round  500 f t / s  and  u s e s  
a round 250  l b s  o f  f u e l .  T h i s  d e s i g n  p o i n t  i s  shown on F i g u r e s  
4.1-2 and 4.1-3 by X's .  
The o p e r a t i o n  o f  t h e  g u i d a n c e  a l g o r i t h m  i s  t h e  r e a s o n  f o r  t h e  
seemingly large t h r u s t e r s  and l a r g e  amount o f  f u e l  use .  The bank 
commands from t h e  a l g o r i t h m  r e q u i r e  l a r g e  ( - 1 6 5  deg ,+165 deg ) ,  
f a s t  r o t a t i o n a l  maneuvers o f  a vehicle w i t h  large r o t a r y  i n e r t i a  
( 7 4 5 0 0  s l u g - f t 2 ) .  The smaller  t h r u s t e r s  a re  j u s t  c a p a b l e  o f  
f o l l o w i n g  t h e  guidance c l o s e  enough t o  reduce  t h e  e x i t  c o n d i t i o n  
e r r o r s .  
F igues  4 .1 -4 ,  4 . 1 - 5 ,  4 .1 -6 ,  and 4 .1-7  are t i m e  h i s t o r y  r e sponses  
o f  t h e  6D0F s i m u l a t i o n  u s i n g  t h e  d e s i g n  p o i n t  w i t h  2 5 0  l b  
t h r u s t e r s  and a 20  deg/sec r a t e  l i m i t  i n  t h e  a u t o p i l o t s .  F igu res  
4 . 1 - 4  and 4.1-5 show t h e  a l t i t u d e  v e r s u s  v e l o c i t y  and a l t i t u d e  
v e r s u s  t i m e  t r a j e c t o r i e s .  F i g u r e  4 . 1 - 6  i s  the  bank command and 
a c t u a l  bank ang le .  Notice  t h a t  t h e  a c t u a l  bank a n g l e  l a g s  behind 
t h e  commanded bank ang le .  F igu re  4.1-7 i s  the  response  o f  one o f  .' 
the yaw thrusters. 
The final design uses 250 lb thrusters for the yaw axis and 100 lb 
thrusters for the pitch axis. The rate limits were established at 
20 deg/sec. 
4 . 2  Control System Trades 
Two types of thruster/autopilot systems were included in the six 
degree-of-freedom simulation, a proportional thruster/autopilot 
system and a phase-plane/autopilot system, A proportional system 
is more effective for studying the vehicle sensitivities and the 
guidance algorithm because of its response characteristics. The 
proportional system contributes to the dynamic response in a 
predicable way which makes the other system contributions more 
distinguishable. 
There is an inherent problem cr.eated when using a 
phase-plane/autopilot system and a rapidly changing command source 
such as H Y P A S .  Phase-plane systems are usually designed to 
accommodate a step position command, not follow a series of 
commands which have faster time constants than the vehicle 
response time. One way to accommodate these types of commands in. 
a phase-plane system is to use large thrusters to lower the 
vehicle response time. Without the large thrusters in the r o l l  
and yaw axes, the vehicle was not able to follow the guidance well 
enough to sufficiently reduce the velocity errors at exit. 
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The phase-plane was designed using parabolic switching curves and 
a rectangular dead zone for position and rate errors. This 
phase-plane design always used more fuel than the proportional. 
autopilot for the same flight scenario. Figures 4.2-1, 4.2-2, 
4.2-3, and 4.2-4 show the phase-plane verus proportional autopilot 
fuel trade. Given a specific vehicle design, weight, thruster 
size, etc., a more elaborate phase-plane could be developed which 
would approach the proportional autopilot performance. 
4 .3  Adaptive Angle of Attack Control  
An adaptive control scheme was designed to "hunt" for the 
aerodynamic trim condition in the pitch axis as the 
center-of-gravity was moved with different payloads. The 
integrator adjusts the commanded angle-of-attack until the vehicle 
is trimmed. This would reduce the amount of fuel used by 
eliminating the need for the pitch thrusters to counter the moment 
caused by the non-trimmed flight condition. 
The technique worked well for some C.G. locations and not for 
others. In fact, for some C.G. locations the vehicle did not even 
exit the atmosphere (mission failure). Figure 4.3-1 can be used 
to explain the effect of the trim integrator on mission 
performance. The figure shows a plot of the coefficient of lift 
as a function of angle-of-attack and plots of the trim values of 
the vehicle for x and z variations in the C.G. location. Notice 
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that as the x or z location of the C.G. was increased (positive 
direction) the value of C1 corresponding to the new trim condition 
was decreased. Thus at the new trim condition there is 
significantly decreased lift available to modulate the in- and 
out-of-plane errors in the trajectory. A s  the C.G; locations were 
moved in the negative direction the corresponding val.ues of the 
lift coefficient increased. 
- 
The gains in the guidance algorithm were also modified to be 
semi-adaptively adjusted as a function of the estimated dynamic 
pressure. The equations were obtained from documentation on the 
derivation of the HYPAS guidance scheme [l]. These equations , 
maintain an overdamped (zeta = 1.5) 0.05 hz response in the 
guidance logic. Other values for the damping and response 
frequency were tried, but all decreased the performance of the 
system. The damping ratio was decreased to zeta = 1.0 and the 
response frequency increased to 0.1 hz with mixed combinations of 
the two parameters in between. The addition of the equations to 
the simulation made only a small improvement in the system 
response. This is to be expected because most of the effective 
control authority occurs over a very small portion of the 
trajectory where the dynamic pressure is relatively constant. 
4.4 Guidance Law Verification and Sensitivity 
Initial comparisons of the 6DOF and 3DOF simulations did not match 
well. Specifically, the required AV's were much larger for the 
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6 D O F  simulation. After much tuning and verification of the 
algorithm, the response was improved but under no circumstances 
was able to match the performance of the 3 D O F  version. The basic 
difference between the two is that the rotary inertia in the 6 D O F  
simulation prevents an exact following of the bank commands. 
Larger thruster sizes obviously improve the response, but at the 
expense of more fuel use. 
A rate limiting first-order filter set at 0.2 Hz with a 30 deg/sec 
rate limit was used on the bank command output to smooth the 
commands. Without the filter the commands drove the RCS 
autopilots very hard and used excessive fuel. This situation 
occurs when the guidance alogrithm is not on a hard limit, and 
issues a ratchety command sequence. 
The best performance was obtained by increasing the gain on the 
vertical plane correction during the entry phase, then decreasing 
the gain in the exit phase. This effectively creates the 
situation where the vertical plane components are corrected in the 
entry phase and the out-of-plane components (inclination) are 
corrected in the exit phase. This method decreased the required 
AV after exit by several hundred feet per second depending on the 
autopilot' and guidance parameters selected. 
The following are the parameters used in the guidance loop for the 
preliminary sensitivity studies: 
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GHDOT = . 4 0  
GHDOTX =.25 
VSAT =26700 f t  
’ VTRIG =29000 f t  
AMXER =.63 deg 
G N 1 7 b  -7.6 
These p a r a m e t e r s  were used  as t h e  d e s i g n  p o i n t  f o r  the gu idance  
a lgo r i thm f o r  a l l  s e n s i t i v i t y  s t u d i e s .  
T h e  HYPAS guidance a lgo r i thm w a s  f u r t h e r  modi f ied  t o  save f u e l  by 
s e t t i n g  t h e  command t o  zero  du r ing  the  e x i t  phase.when t h e  dynamic 
p r e s s u r e  dropped  below . 5  l b s / f t 2 .  Aero maneuvers beyond t h i s  
p o i n t  did l i t t l e  t o  reduce t h e  e x i t  e r r o r s .  
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5 . 0  SENSITIVITY STUDIES 
The 6DOF simulation, including the guidance and control 
algorithms, was used to evaluate the sensitivity of the AOTV 
mission to uncertainties in six major categories: 1) mission, 2) 
entry state, 3) mass properties, 4 )  atmosphere and winds, 5 )  
aerodynamics, and 6) sensors. The sensitivity analysis for each 
of the six areas is explained below. Figure 5.0-1 is a summary of 
the sensitivity analysis. 
Sensitivity was measured in three ways. The first measure was the 
amount of fuel burned during the aeropass. The second measure was 
the size of the AV burns necessary to establish the desired orbit. 
The third sensitivity measure is the combination of the previous 
two, yielding a total sensitivity measure. 
The three AV burns are shown in Figure 5.0-2. The first burn 
raises perigee, the second burn circularizes the orbit, and the 
final burn corrects the inclination. Figure 5.0-3.shows the 
subroutines and logic used to calculate the required burns. 
The fuel required for the AV burns can be calulated given the mass 
properties of the OTV the specific impulse of the thruster fuel, 
and the required velocity change. A AV burn corresponds to 
pounds of fuel through the relationship lbf=(m/I,,)*AV, where lb, 
is pounds of fuel, m is mass of the vehicle, I, is the specific 
impulse of the fuel, and AV is the required velocity change. 
Using a specific impulse of 250 seconds, and a mass of 22000 slugs 
we get the formula lbf=2.73*AV. Thus each foot per second of 
velocity change requires 2.73 pounds of fuel. An effective 
guidance/control system will try to minimize the AV burns and 
thereby save fuel. 
The first sensitivity measure was the amount of RCS fuel used 
during maneuvers in the atmosphere. The amount of fuel burned in 
the aeropass can be converted to a AV as explained in the previous 
paragraph. Then the AV can be compared to the velocity change of 
the vehicle due to the atmospheric braking effects. The ratio of 
the AV due to thrusters to the AV due to atmospheric effects can 
be used to measure the effectiveness of the aerobraking scheme. 
The smaller the ratio the better. For example, a typical mission 
burns around 225 pounds of fuel with a velocity drop of 9500 feet 
per second. The fuel translates into a AV of 82.4 feet per second 
and the ratio becomes 0.0086, meaning that the aerobraking 
maneuver was an effective method of removing velocity. 
Parameter variations were accomplished by either addin.g 
incremental changes to the variable of interest, or multiplying 
the variable by a scale factor. 
Two FORTRAN subroutines are used to calculate the trajectory 
orbital parameters and the AV burns required to establish the 
desired orbit. These subroutines and an input/output map are 
listed in the appendix. Subroutine ORBIT may be called at any 
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t i m e  d u r i n g  the  s imula t ion  t o  determine the  o r b i t a l  c o n d i t i o n .  I t  
must be ca l l ed  when t h e  vehicle  reaches t h e  e x i t  c o n d i t i o n  and  
p r e v i o u s  t o  t h e  c a l l  t o  s u b r o u t i n e  DVEL. S u b r o u t i n e  DVEL w i l l  
c a l c u l a t e  the  three t r a j e c t o r y  c o r r e c t i n g  v e l o c i t y  b u r n s  which 
w i l l  be r e q u i r e d  t o  p o s i t i o n  t h e  vehicle  i n  t h e  desired o r b i t .  
These c a l c u l a t i o n s  are based on Hohmann T r a n s f e r  Orbi t s  fo l lowed  
by a p l a n e  c o r r e c t i o n .  The s u b r o u t i n e  o u t p u t s  are  u s e d  as one  
s e n s i t i v i t y  measure ,  a l o n g  w i t h  t h e  t o t a l  f u e l  u s e d  d u r i n g  t h e  
a tmospher ic  phase. 
5.1 Mission Sensitivities 
Two m i s s i o n  p r o f i l e s  were c o n s i d e r e d .  The nominal  m i s s i o n  e n t e r s  
the  ae ropass  w i t h  no i n c l i n a t i o n  e r r o r  and attemps t o  ma in ta in  the 
same i n c l i n a t i o n  i n  t h e  p r e s e n c e  o f  t h e  r o t a t i n g  e a r t h .  The 
s e c o n d  t r a j e c t o r y  e n t e r s  t h e  a e r o p a s s  w i t h  a 1 . 5  deg ree  
i n c l i n a t i o n  o f f s e t  and attempts t o  change the  o r b i t a l  p l a n e  t o  the 
desired v a l u e  of 28 .5  degrees. T h e  c l o s e d  and open-loop mis s ions  
a r e  i n i t i a t e d  w i t h  t h e  same s t a t e  v e c t o r  ( t o t a l  v e l o c i t y ,  
a l t i t u d e ,  heading ,  f l i g h t  p a t h  a n g l e ,  i n c l i n a t i o n ) .  T h e  nominal 
m i s s i o n  b e g i n s  w i t h  no i n c l i n a t i o n  e r r o r .  The nominal  t r a j e c t o r y  
r e s u l t s  i n  l a rge  r o t a t i o n a l  motions t o  c o r r e c t  small  i n c l i n a t i o n  
e r r o r s .  T h i s  a c t i o n  b u r n s  t h e  m a j o r i t y  o f  t h e  f u e l  u s e d  d u r i n g  
t h e  ae robrak ing  phase. 
The second  t r a j e c t o r y  w a s  g e n e r a t e d  u s i n g  t h e  3DOF s i m u l a t i o n ,  
w i t h  a 1 . 5  degree i n i t i a l  i n c l i n a t i o n  e r r o r .  The i n t e n t  w a s  t o  
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0 find a trajectory which does not start with zero inclination error 
and examine the system performance. The guidance tries to 
eliminate the inclination error, which requires the vehicle to 
remain on on'e side of the bank plane for the majority of the 
mission. Fuel use was reduced from 225 pounds for the nominal' 
system to 161 pounds f o r  the out-of-plane trajectory. Figure 
5.1-1 is a plot of the bank angle and bank angle command for the 
out-of-plane trajectory. Notice that the bank angle and command 
are one-sided. Figure 5.1-2 shows the orbital inclination during 
the aerobraking phase. The desired inclination (28.5 degrees) is 
reached during the late phase of the mission. 
. 
All remaining sensitivity studies were conducted with the nominal 
.- 
trajectory (no initial out-of-plane error) . 
@'.. 
5.2 Entry State Sensitivities 
The mission sensitivity to total velocity, altitude, inclination, 
. and flight path angle errors are shown in Figures 5.2-1, 5.2-2, 
5.2-3, 5.2-4, respectively. The left-hand axis and the dashed 
line on the plot correspond to AV measurements. The right-hand 
axis and the solid lines correspond to the RCS fuel used during 
the aerobraking phase. Each of the parameters exhibit similar 
sensitivity patterns, a relatively flat zone in the middle with 
rapid divergence when the parameter is too far off nominal. The' 
sensitivity bounds are approximately +6% off nominal for the 
velocity, + 8 %  for altitude, f.4% for inclination, and +9% in 
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flight path angle. 
orbital inclination. 
By far the most sensitive parameter is the 
5.3 Mass Property Sensitivities 
The mission sensitivities to uncertainty in vehicle weight, 
inertia, and x and z c.g. location are shown in Figures 5.3.-1, 
5.3-2, 5.3-3, and 5.3-4. 
Variations of the weight by as much as f27% resulted in changes in 
fuel use by at most f23% and in the AV measurement by at most 
f17%. In summary, while the mission performance is affected by 
the vehicle weight, it is not nearly as sensitive to weight as it 
is to the entry state parameters. 
Increasing the inertia resulted in a proportional increase in the 
fuel. The AV curve should be viewed in light of the,scales. A 
f40% variation in the inertia resulted in.a +2.4% variation in the 
AV measurement. In summary, the mission is not highly sensitive 
to inertia and the effect is predictable. 
Figures 5.3-3 and 5.3-4 are plots of the sensitivities to x and z 
variations in the c.g. location and will be discussed together. 
The two solid 1,ines in each plot are the fuel used with and 
without the integrator logic. The two dashed lines are the AV 
measurements with and without the integrator measurements. From 
the figure we can see that the mission is least sensitive to 
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v a r i a t i o n s  i n  the x d i r e c t i o n  wi thout  the  i n t e g r a t o r .  Addi t ion  of  
t h e  i n t e g r a t o r  i n c r e a s e s  t he  performance i f  t he  c.g. is moved i n  
the n e g a t i v e  d i r e c t i o n  and c a u s e s  t he  sys tem t o  f a i l  i f  t h e  c.g. 
is moved t o o  fa r  i n  t h e  p o s i t i v e  d i r e c t i o n .  Too much v a r i a t i o n  o f  
t h e  c.g. i n  t h e  z d i r e c t i o n  ( e i t h e r  d i r e c t i o n )  c a u s e s  t h e  sys tem 
t o  f a i l  w i t h o u t  t h e  i n t e g r a t o r .  The a d d i t i o n  o f  t h e  i n t e g r a t o r  
i n c r e a s e s  t h e  pe r fo rmance  i f  t h e  c.g.  i s  moved i n  t h e  n e g a t i v e  
d i r e c t i o n  and  q u i c k l y  c a u s e s  t h e  s y s t e m  t o  f a i l  i f  t h e  c .g .  i s  
moved i n  the p o s i t i v e  z d i r e c t i o n .  T h i s  i s  e a s i l y  e x p l a i n e d  by 
look ing  a t  t h e  aerodynamic data and Figure 4.3-1.  If t h e  c.g. i s  
moved i n  t h e  n e g a t i v e  d i r e c t i o n ,  t h e  t r i m m e d  a n g l e  o f  a t t a c k  
decreases, which r e s u l t s  i n  an  i n c r e a s e d  l i f t  c a p a b i l i t y .  
5.4 Atmospheric Sensitivities 
T h e  a tmospher ic  s e n s i t i v i t y  s t u d i e s  inc luded  the  effect  o f  d e n s i t y  
v a r i a t i o n  a n d  w i n d s .  S i x t e e n  random a t m o s p h e r e  m o d e l s  were 
g e n e r a t e d  u s i n g  t h e  GRAM ( G l o b a l  R e f e r e n c e  A t m o s p h e r i c  Model) 
a t m o s p h e r e  p rogram.  The mode l s  i n c l u d e  random v a r i a t i o n s  i n  
d e n s i t y  and wind p r o f i l e .  F i g u r e  5 . 4 - 1  is a p l o t  o f  the  density, 
nor th - sou th ,  and  east-west winds as a f u n c t i o n  o f  a l t i t u d e .  The 
s i x t e e n  a t m o s p h e r e s  were c h o s e n  as f o u r  w o r s t  cases f rom each 
s e a s o n  - summer, f a l l ,  w i n t e r ,  and  s p r i n g .  The f o u r  cases f o r  
each s e a s o n  are  maximum dynamic p r e s s u r e  (MQ), w o r s t  winds ( W W ) ,  
most n o r t h e r l y  ( M N ) ,  and  most s o u t h e r l y  (MS). The nomenc la tu re  
used  t o  i d e n t i f y  t h e  winds i s  a f o u r  l e t t e r  name w i t h  the t y p e  o f  
model f i r s t  and the  season as t h e  second two le t ters .  For  example 
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a most southerly fall profile would be MSFA. Summer is (SU), 
winter is (WI) , and spring is (SP) . Figure 5 . 4 - 2  shows the fuel 
and AV numbers for the nominal trajectory using the sixteen 
atmospheres, with and without winds. No general trends are 
discernible because the atmosphere models are random in nature. 
However, the vehicle remains stable and completes the mission 
profile for all of the different atmosphere models. 
5.5 Aero Coefficient Sensitivities 
The mission sensitivity to uncertainty in the aerodynamic 
coefficients was determined by multiplying the aero coefficients 
by a scale factor. The nominal scale factor value was one. 
Sensitivity studies were conducted on the force (Cx, Cy, C,), 
static stability (Cm,, Cn,), and yaw/roll coupling (CIB) aero 
coefficients. 
Figure 5.5-1 shows the sensitivities for the three force coeffi- 
cients. The horizontal axis has units of percent uncertainty from 
the nominal condition. The combined sensitivity measure clearly 
shows that the effect of off-nominal C y  is negligible, as is 
negative variation of the C, coefficient. Positive variations in 
the C, coefficient are more pronounced but do not cause the 
control/guidance systems to fail. The C, coefficient has a stable 
sensitivity range of -15% to +5% off the nominal condition. 
Figure 5.5-2 is a plot of the Cng, Cl,, and Cm, sensitivities. 
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Notice that the C1, and Cn, curves are overlayed. The vehicle is 
insensitive to these parameters. The two remaining sets of curves 
show the Cm, sensitivities with and without the pitch axis 
integrator. The integrator has a stabilizing effect for positive 
variations of the coefficient. For negative variations the 
integrator quickly causes the system to diverge. This is due to 
the decreased control authority at the reduced angle of attack. 
Figure 5.5-3 is a plot of the combined sensitivity measure for 
these parameters. The effect of the integrator can be seen very 
clearly. 
5 . 6  Sensor Sensitivities 
The mission sensitivity to noise and bias in the strap-down sensor 
package was evaluated by including a detailed model of a rate gyro 
package in the 6DOF simulation. 
Figure 5.6-1 shows the model for rate gyro errors. Five error 
sources have been modeled: misalignment of the rate gyro package, 
bias and scale factor error, additive noise in each channel, and 
the gyro cross-axis effects. The axes of the gyros in the package 
were assumed perfectly orthogonal, with the alignment error 
defined from the package roll, pitch, and yaw axes to the true 
body axis. Table 5-1 lists the expected 3astatistic value for 
each parameter. The listed values apply to missile systems. For 
. space hardware, the requirements are more stringent because 
mission durations are usually much longer. 
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Figure 5.6-2 shows the sensitivity for the gyro-parameters except 
for noise. The plots show that the system is relatively 
insensitive to errors in the rate gyro. The amount of fuel burned 
due to the errors is small (less than 5 percent). The rate gyro 
errors are principally manifested in the increase of AV 
measurement. The increase is comparatively small (less than 13 
percent) . - - 
The system is also insensitive to noise in the rate gyro channel, 
as the dynamic response of the vehicle acts as a low pass filter 
in removing most of its effect. The effect of gyro noise can be 
seen, however, in the increased thruster activity level, which 
translates to an increase in fuel burned during maneuver phase. 
The fuel burned due to 3anoise level in the roll, pitch and yaw 
rate gyro.channel.5 are 269, 255 and 254 lbs respectively, compared 
to 244 lbs of fuel for a nominal flight. Again, the increase in 
fuel burned is small. 
In conclusion, the mission is most sensitive to parameters that 
directly affect the guidance alogorithm, such as inclination 
error. The control systems developed for the AOTV were stable for 
all parameter variations. The performance decreases were 
principally due to the minimal control authority which was only 
significant during the one to two minutes of highest dynamic 
pressure. 
The HYPAS g u i d a n c e  a l g o r i t h m  i s  l i s t e d  i n  t h e  a p p e n d i x  
r e f e r e n c e  and comparison. 
f o r  
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inputs : RPl  --> 
RA1 --> 
RCIRC --> 
RAAN --> 
RINC --> 
outputs : DV1 --> 
DV2 --> . 
radius at perigee (feet) 
radius at apogee (feet) 
radius circular orbit (feet) 
right accension of acending node (deg) 
orbit inclination (deg) (28.5) 
.burn to correct perigee 
burn to correct inclination 
burn to circularize 
total delta velocity 
inputs : --> ECI position vector (feet) 
--> ECI velocity vector (feet/sec) Recix, y ,  2 vecix, y , 2 
m E R  --> radius at perigee (feet) 
RAP0 --> radius at apogee (feet) 
.RCIRC --> radius of circular orbit (feet) 
outputs : 
Figure 5.0-3 cont. 
Subroutines Input/Output Map 
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SUBROUTINE O R B I T  
C 
BADD V:AOTVCM 
C 
C MOMENTUM VECTOR AND MAGNITUDE 
HX=RECIV*VECIZ-VECIV*RECIZ 
i i V = R E C I Z * V E C I X - V E C I Z * R E C I X  
HZ=RECIX*VECIY-VECIX*RECIY 
HMAG=SORT(HX**Z+HV**2+HZ**2) 
RNXs-HV 
XNY=HX 
R N Z = B .  E 
R N M A G = S O R T ( R N X * * 2 + R N V * * Z + R N Z * * 2 )  
V S Q R ’ J = V E C I X * * 2 + V E C I Y * * 2 + V E C I Z * * 2  
RDOTV~RECiX*VECIX+RSCIY*VECIV+RECIZ*VECIZ 
TEMPZ=VSQR3-RKU/ (  -2P ) 
EX=l./RMU*(TEMPZ*RECIX-RDOTV*VECIX) 
E Y = 1 . / 2 M U * ( T E M P Z * R E C I Y - R O O T V . V E C I Y )  
EZ-l . /RFlU*( T E ~ P Z * R ’ ~ : ; Z - b D O T V * V E C I Z )  
E M A G = S O R T ( E X * * Z + E Y * * 2 + E Z * * Z )  
SLR=HMAC**Z /RHU 
I F ( H M A G  . N E .  0 .0)  RINC=ACUS(HZ/HMAG)*ZS7P3 
I F ( R N M A C  . N E .  8.8) R L A N = A C O S ( R N X / R N M A C ) * 2 5 7 P 3  
RPEP,=SLR/(  1 .B+EMAG! 
i \ L p S = f L R / (  1 . 0 - E M A G )  
R P E i % = (  RPE?.-RE:?Th!iSP75.: 1 5 5  
Q A P O G = (  RA?O-REAR;H ) / C C ” i .  1 1 5 5  
R C I ~ C = f i E ~ R T H + A P O T G * E ~ 7 6 . 1 1 ~ 5  
RETURN 
E N D  
C NODAL VECTOR AND MAGNITUDE 
C E C C E N T R I C I T Y  VECTOR AND MAGNITUDE 
C A P O A P S I S  AND P E R I A P S I S  C A L C U L A T I O N S  
Figure 5.0-3 cont. 
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SUGROUTINE DELV(RPl.RAl.RCIRC.RINC.RAAN.DVl.DV2.DV3.DVEL) 
XMU: G R A V I T A T I O N A L  PARAMETER I N  F T * * 3 / S E C  
D A T A  XMU / 1 . 4 0 7 6 E + l 6 /  
D A T A  2 5 7 P 3  /57.29578/ 
E X I T  O R B I T  V E L O C I T Y  A T  APOGEE: 
V A l - S O R T ( 2 . * X M U * ( l / R A l - l / ( R P 1 + R A l ) ) ~  
TRANSFER O R B I T  V E L O C I T Y  A T  APOGEE: 
V A 2 3 S  QRT ( 2. *XMU * ( 1 / RA 1 - 1 / ( RA 1 + RC I RC 1 1 1 
D E L T A  V R E Q U I R E D  FOR E X I T  T O  TRANSFER O R B I T  CHANGE: 
D V l = A B S (  V A 2 - V A l  ) 
C I R C U L A R  O R B I T  V E L O C I T Y :  
V C I R C = S Q R T ( X M U / R C I R C )  
TRANSFER O R S I T  V E L O C I T Y  AT  P E R I G E E  
V P Z = S Q R T ( Z . * X M U * (  l / R C I R C - l / ( R A l + R C I R C ) ) )  
D E L T A  V R E Q U I R E D  FOR TRANSFER TO C I R C U L A R  O R B I T  CHANGE: 
D V Z = A B S (  V C I R C - V P 2  1 
C A L C  P L A N E  CHANGE D E L T A  V ( T A R G E T  O R B I T  I N C L I N A T I O N  AND R I G H T  
A S C E N S I O N  OF A C E N D I N G  NODE ARE HARD CODED A T  2 8 . 5  DEG AND B 
R E S P E C T I V E L Y  
R I l 4 C R = R I N C / Z S 7 P 3  
R I N C R F = 2 8 . 5 / 2 5 7 P 3  
RAAN R = RAAN / Z 5  7 P 3 
E L S E  
I F  ( A B S ( R A A N 1  .LT. 1.E-8) THEN 
P I N C H G = A E S (  RINCR-RINCRF) 
PCCOS=COS( R I N C R  ) *COS( R I N C R F  ) + S I N (  R I N C R  ) * S I N (  R I N C R F  ) *COS(  -RAANR 1 
PLNCHC=ACOS(  PCCOS 1 
END I F  
DV3-4BS(2.~VCIRC.SIN(PLNCHG/2.)) 
T 3 T A L  D E L T A  V 
S V E L = D V l + D V 2 + D V 3  
RETURN 
END 
F i g u r e  5.0-3 cont. 
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6 . 0  ADVANCED CONTROL SYSTEM CONCEPTS 
Advanced control concepts are used to obtain improved system 
performance and robustness, relative to established control 
techniques and designs. These advanced concepts may include an 
adaptive element which is used to identify unknown or uncertain 
parameters in the system. For example, an adaptive algorithm 
might fine tune a control system by identifying the actual drag 
coefficient, as opposed to using the value generated by the 
aerodynamic model. 
Another group of advanced control techniques includes the 
so-called "modern methods," which address the multiple-input, 
multiple output control problem. The thrust of these techniques 
is generally to minimize some form of a cost function, which 
varies for each technique. A well known example is the quadradic 
cost function of the.Linear Quadradic (LQ) technique, which may be 
configured to minimize time, fuel, distance, or other important 
parameters. 
The object of the aerobraking scheme is to maximize the energy 
"bleed-off" during the aeropass while minimizing the exit window 
error such that minimum fuel is required for orbit correction 
burns. An additional objective,is to minimize the fuel burned 
during the aeropass. The first objective translates into a 
guidance requirement, i.e., use of an algorithm that will 
"bleed-off" energy and minimize exit window errors. The second 
a7 
objective can be addressed using classical or modern control 
methods. 
The following paragraphs describe the design and implementation of 
a semi-adaptive pitch axis controller. A new adaptive scheme 
which control combines aspects of each the techniques to achieve 
improved performance, robustness, and efficiency is presented in 
Section 6.2. 
6.1 Semi-adaptive Pitch Axis Control System 
The pitch axis rotational dynamics can be characterized with the 
second order transfer function 
where 8 i s  the angular position and 6is the commanded angular 
acceleration. Maand MS are the moment sensitivities, which 
for this vehicle reduce to 
Ma = -K 
IYY IYY 
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where 57.3 is used to keep the units consistent (degrees). K may 
be viewed as the system "stiffness" which varies with dynamic 
pressure. 
The natural frequency is given by the square root of %(defined 
above) . Over the course of the AOTV mission the natural frequency 
ranges from 0.0 to 2.1 radians per second, a function of t'he 
dynamic pressure. An autopilot designed to keep the pitch axis 
well damped at low Q will have a decreased damping ratio as Q 
increases, see Figure 6.1-1. The semi-adaptive control scheme 
estimates dynamic pressure using the X or 2 axis accelerometer 
measurement and the corresponding aero coefficient, and then 
adjusts the control gains and bandwidth to keep the vehicle 
damping ratio at . 8  throughout the entire mission. At the large 
angle of attack (72 or 7 4  degrees) the X measurement is 
principally a lift measurement and the Z measurement is 
principally a drag measurement. Figure 6.1-2 is a block diagram 
of the dynamic pressure estimation logic and the semi-adaptive 
gain adjustment. The X axis acceleration measurement is depicted. 
The bandwidth of the semi-adaptive scheme is shown in Figure 6.1-3 
for the nominal mission. As the bandwidth increases the pitch 
axis thrusters are more active and more fuel is used. The 
semi-adaptive scheme uses 5 6  pounds more fuel than the nominal 
fixed gain controller (increase of 25 percent). The semi-adaptive 
scheme a l s o  causes the required AV burns to increase from 5 2 1  feet 
per second to 530 feet per second (increase of 1.7 percent). This 
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i n c r e a s e  comes f r o m  t h e  a d d i t i o n a l  Z a x i s  l o a d i n g s  b y  t h e  
t h r u s t e r s .  
F i g u r e  6.1-4 shows t h e  p i t c h  a x i s  t h r u s t e r  f i r i n g s  f o r  t h e  
a d a p t i v e  and f i x e d  g a i n  a u t o p i l o t s . ’  
6.2 Adaptive Control Concepts . 
T h e  g o a l  when u s i n g  adapt ive c o n t r o l  t e c h n i q u e s  i s  t o  o b t a i n  
a c c e p t a b l e  levels of  performance and s t a b i l i t y  w i t h  a changing o r  
unknown p l a n t .  I n  t h e  c a s e  of t h e  AOTV vehicle, t h e  parameters  of  
most conce rn  are the a t m o s p h e r i c  v a r i a t i o n s  and  the c . g .  s h i f t s  
due t o  payload u n c e r t a i n t y .  The atmospheric  v a r i a t i o n s  a f f e c t  the 
g u i d a n c e  ( H Y P A S )  a n d  c o n t r o l ,  w h i c h  b o t h  u s e  a n  o p e n - l o o p  
e s t i m a t i o n  scheme (see F igure  6.1-2) f o r  dynamic p r e s s u r e  based on 
assumed knowledge  o f  t h e  ae rodynamic  c o e f f i c i e n t s .  The c .g .  
s h i f t s  cause  t h e  t r i m  p o s i t i o n  of t he  vehicle t o  change, r e q u i r i n g  
e x c e s s i v e  t h r u s t e r  f i r i n g s  t o  m a i n t a i n  a specif ied t r i m  a n g l e .  
These  two p a r a m e t e r s  r e p r e s e n t  t h e  l a r g e s t  u n c e r t a i n t i e s  and  
s e n s i t i p i t i e s  i n  t h e  s y s t e m ,  and  a r e  t h e r e f o r e  t h e  most v i a b l e  
parameters  t o  be i d e n t i f i e d  i n  an a d a p t i v e  c o n t r o l  scheme. 
. 
Model R e f e r e n c e  A d a p t i v e  C o n t r o l  (MRAC) i s  most a p p l i c a b l e  t o  
d e t e r m i n i s t i c  t r a c k i n g  problems,  i . e . ,  when t h e  desired o u t p u t  
r e sponses  are known f u n c t i o n s .  For example, an  advanced f igh te r  
a i r c r a f t  c a n  be made t o  h a n d l e  l i k e  a t r a i n i n g  a i r c r a f t  u s i n g  
MRAC. I n  t h i s  case,  t h e  desired r e s p o n s e  ( t r a i n e r )  i s  known 
through on-board simulation, and the difference between the actual 
response (fighter) and the desired response can be calculated and 
used to influence the control, see Figure 6.2-1. The MRAC 
technique tries to minimize the error in the controlled variables, 
which for the example might be the normal acceleration, angle of 
attack, or pitch rate. Since there is no defined response function 
for the shaped-brake vehicle, this method is not recommended for 
the AOTV. 
Self Tuning Control (STC) modifies the control as the unknown or 
uncertain parameters in the plant are identified. The technique 
attempts to achieve improved control through minimization of a 
performance index. Example cost functions may include 
minimization of any function of the system parameters; for example 
minimum fuel use or minimum deviation from a desired set point. 
The STC methods usually ‘include an identification algorithm such 
as t h e  “least squares technique” which must identify the unknown 
system parameters in real time. These algorithms can be greatly 
simplified by keeping the parameters to be estimated to a minimum. 
Variations of this technique are recommended f o r  the AOTV vehicle 
because useful cost functions such as minimum fuel are important 
to mission performance. 
The foilowing is a proposed adaptive control design for the AOTV 
vehicle which uses a variation of the STC technique combined with 
a second non-adaptive controller and an optimization algorithm. 
Under this approach, a non-adaptive control system is designed 
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using classical or modern techniques (Linear Quadratic, 
H-Infinity, Eigenstructure, Optimal Projection, etc.) using 
expected values of the vehicle and mission parameters. This 
system is simulated and analyzed for stability. This is 
considered the base design. 
I 
For each specific mission there may be new parameters/constraints 
such as payload requirements, atmospheric conditions, or maximum 
thruster size. The base design is then altered to accommodate the 
new parameters using the nonlinear optimization program QDES. 
QDES (Q-Design) is a computer aided design tool developed at 
Stanford by Boyd [2]. The QDES program reformulates the control 
problem using coprime factorization and searches for an optimal 
solution in the defined convex search space. If an optimal 
solution exists, the algorithm is guaranteed to converge to the 
global optimum.. The constraints which may be included in the 
optimization process are frequency domain type constraints such as 
phase and gain margins, bandwidth, and settling time. Using this 
program, the base design can be augmented in an optimal way to 
handle the new requirements. 
Up to this point no adaptive techniques have been incorporated. 
To this end, a Self Tuning Controller can be included in the above 
design f,or in-flight fine tuning of the control as better 
estimates of the true plant become available. The advantage of 
using the ST to fine tune the optimized base design over a purely 
adaptive control scheme is that the base design is already a 
stable control system and the adaptive system does not need to 
identify the system to maintain stability. Thus the adaptive 
portion of the algorithm only fine tunes an already stable design 
for improved performance. 
The basis of the self tuning algorithm is similar to that of the 
QDES program, both being derived from a parameterization of the 
class of all stabilizing controllers as found in Vidyasagar [ 3 ] .  
Moore [4,51 has extended the parameterization technique to the 
class of all stabilizing, time-varying controllers for 
time-varying plants. Using the techniques of Moore, the stable 
transfer function matrix designed with the QDES program can be 
augmented with a time varying stable transfer matrix, which must 
be calculated in real-time. 
This advanced adaptive scheme has several advantages over a purely 
adaptive control scheme. First, the knowledge base of past 
experience can be built into the base design. This provides a 
fail-safe level of control which can be used as a default if the 
adaptive algorithm fails to perform. Second, the control system 
is easily modified for different mission requirements without 
requiring extensive analysis for stability and performance. 
Third, the self tuning adaptive element attempts to tweak the 
control system to obtain optimal performance during the mission, 
but is not required to identify a large number of parameters and 
also guarantee stability. 
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The diagram in Figure 6.2-3 shows the structure of the proposed 
control system. Notice that Q and Q' can be zeroed out and the 
remaining control is the base feedback design closed through the X 
and Y-1 blocks (coprime factors). With a nonzero Q and a zeroed 
out Q' the system has been augmented to handle the modified 
performance requirements. Q' is implemented in real-time and is 
the adaptive element in the system. This evolved control design is 
utilized to accommodate unknown system and mission parameters and 
achieve an acceptable level of performance. 
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7 . 0  Conclusion. 
Control technology has been developed in this contract for the 
AOTV mission which minimizes the fuel used for atmospheric 
maneuvering. Themntrol techniques developed can be used on a 
number of AOTV type vehicles. The control algorithms can be 
tailored to the guidance law and vehicle characteristics by 
adjusting only the control gains and break frequencies. 
The control technique includes: 
1) Adaptive trim design for c.g. control; 
2) Semi-adaptive gain computer to minimize mission data loads; 
3) Proportional or on-off thruster selection; 
4 )  Control designs which minimize RCS fuel usage. 
Initial control studies have also been conducted on advanced 
adaptive control concepts. The concepts considered include 
model reference adaptive, linear quadratic, Q-design, and 
self-tuning adaptive. Results indicate that the classical 
design is sufficient for known vehicle configurations and 
payloads. Increased performance can be achieved with advanced 
control techniques over a large range of missions and payloads. 
The classical control techniques. have been verified through 
detailed sensitivity studies using 6 D O F  simulation. The 
simulation studies show the following: 
1) Small sensitivity (>20% tolerance) for all sensor effects, 
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C l p ,  Cnp, C y ,  a n d  Cx a e r o d y n a m i c s ,  a n d  mass  p r o p e r t i e s  
(weight,  i n e r t i a ,  X c.g. l o c a t i o n )  ; 
2 )  M o d e r a t e  s e n s i t i v i t y  ( 1 0 %  t o  2 0 %  t o l e r a n c e )  f o r  Z c . g .  
l o c a t i o n ,  atmosphere effects (winds, d e n s i t y ) ,  and Cx and C m a  
aerodynamics;  
3 )  High s e n s i t i v i t y  (<lo% t o l e r a n c e )  f o r  e n t r y  s t a t e  pa rame te r s  
( v e l o c i t y ,  f l i g h t  p a t h  ang le ,  a l t i t u d e ,  and i n c l i n a t i o n ) .  
The c r i t i c a l  v e h i c l e  parameter  i n  c o n t r o l l i n g  t h e  r e e n t r y  s t a t e  
is t h e  v e h i c l e  l i f t / d r a g  r a t i o .  The AOTV L / D  i s  r e q u i r e d  t o  
have  a v a l u e  l a rge r  t h a n  .15 t o  h a n d l e  a 3 6 v a r i a t i o n  i n  t h e  
r e e n t r y  s ta te .  Both v e h i c l e s  ana lyzed ,  t h e  Boeing Shaped B r a k e  
and the AFE have L/D larger t h a n  .15. (L/D Boeing Shaped Brake 
= .2, L/D AFE = .3)  
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8.0 RECOMMENDATIONS (FOLLOW-ON-STUDIES) 
The importance of the control and guidance techniques to the 
performance and robustness of the AOTV mission was studied in 
the Control Technology AOTV contract. New, advanced technology 
proposed for follow-on studies would benefit the AOTV by 
lowering recurring costs through autonomy and increase 
flexibility to varying mission requirements through adaptability 
and automated tuning. The autonomous design would make the 
system insensitive to payload variation and fuel load. Lower 
costs would be achieved by eliminating software changes per 
mission and minimizing mission data loads. The high 
reliability, low maintenance is achieved by using fault-tolerant 
processors and sensors. 
- 
Our recommendations are to develop the technology for an 
autonomous three level modern control approach: 
1) Integral linear quadratic control design ( angle-of-attack, 
bank angle controller) 
2 )  Mission data load automation using Q-design method (tuned 
controller through simple mission data load) 
3) Adaptive fine-tuning based on parameter estimates generated 
in flight. 
This technology could be applied directly to the AFE 
configuration and verified on 6DOF simulation. Other guidance 
laws developed for the AFE by NASA Marshall Flight Center and 
Draper Labs can also be included in the 6DOF simulation. 
105 
References 
1) Carimele, C.J., and Gamble, J.D., "A Simplified Guidance 
Algorithm for Lifting Aeroassist Orbital Transfer Vehicles," 
AIAA-85-0348, January 1985. 
2) Boyd, S., Balakrishnan, V., Barrat, C., Khraishi, N., Li, X., 
Meyer, D., Norman, S., "A New CAD Method and Associated 
Architectures for Linear Controllers", to appear in Transactions 
on Automatic Control, March 1988. 
2 )  Vidyasagar, M., "Control System Synthesis: A Factorization 
Approach", MIT Press, Cambridge, 1985. 
3) Moore, J., Tay, T. "The Class of All Stabilizing Controllers 
for Time-Varying Systems", to be published. 
4) Tay, T., Moore, J., "Enhancement of Fixed Controllers Via 
Adaptive Disturbance Estimate Feedback", to appear, Proc IFAC 
Symposium, Aug. 1988. 
106 
APPENDIX 
A . l  6DOF Simulation 
Figure A.l-1 shows the hardware facilities used for the 6DOF 
simulation. The nonlinear equations of motion are hosted on the 
AD10. The autopilot and other slower processes are hosted on the 
Harris 1000. The AOTV simulation runs in real-time. 
Figure A.l-2 is a block diagram of the entire 6DOF simulation. 
The dashed line indicates the separation of processes between the 
two computers. Each of the blocks in the diagram correspond to a 
F O R T W  subroutine in the simulation. 
A.2 3DOf/6DOF Validation 
The 3DOF and 6DOF simulations are similar in that they use the 
same guidance algorithm. While there are many obvious 
differences, a few very important ones are discussed here. First, 
3DOF simulations neglect the effect of rotary inertia, an 
important quantity in the 6DOF simulation due to the rapid 
rotational commands from the guidance system. The 3DOF simulation 
uses a rate limiting scheme to approximate the rotat.iona1 
dynamics. We have found that a rate limit of 15 deg/sec best 
approximates the actual rotary dynamics for this vehicle. Second, 
the 3 DOF simulation uses a lift/drag aero model with constant 
coefficients while the 6DOF simulation derives the lift and drag 
from t h e  f o r c e  and  moment c o e f f i c i e n t s  which a re  f u n c t i o n s  o f  
a n g l e  of  a t tack  and s ides l ip  ang le .  Third, the t h r u s t e r s  i n  t h e  
6DOF s i m u l a t i o n  create  a d d i t i o n a l  t r a n s l a t i o n a l  l o a d s  on t h e  
system t h a t  are n o t  p r e s e n t  i n  t h e  3DOF s i m u l a t i o n .  Fourt,h, t h e  
i n t e g r a t i o n  s tep s i z e  i n  t h e  3DOF i s  one second  w h i l e  t h e  s t e p  
s i z e  i n  t he  6DOF is .001 seconds.  Las t ly ,  the  s c a l i n g  i n  the  AD10 
computer  u s e d  i n  t h e  6DOF s i m u l a t i o n  may have  an e f fec t  on t h e  
r e s u l t s .  
T i m e  h i s t o r y  compar isons  f o r  t h e  3DOF and 6DOF s i m u l a t i o n s  a r e  
shown i n  F i g u r e s  A.2-1 t h r o u g h  A.2-7. The f i g u r e s  show a good 
match i n  t h e  s i m u l a t i o n s ,  v e r i f y i n g  c o r r e c t  dynamic models and 
implementat ion of  t he  guidance a lgor i thm.  F i g u r e  A.2-7 is  a p l o t  
o f  t h e  b a n k  commands. The d i f f e r e n c e  i n  t h e  two commands 
h i s t o r i e s  b e g i n n i n g  a t  160  s e c o n d s  i s  d u e  t o  t h e  d i f f e r e n t  
c a l c u l a t e d  v a l u e s  of  t he  i n c l i n a t i o n  a t  t h a t  t i m e .  
T a b l e  A.2-8 shows the  i n i t i a l  and f i n a l  cond i t ions  f o r  the  nominal 
t r a j e c t o r y .  The t a r g e t  window parameters  a r e  a l s o  inc luded .  
The  3DOF a n d  6 D O F  s i m u l a t i o n s  b o t h  u s e - t h e  HYPAS g u i d a n c e  
a l g o r i t h m ,  which has two major  modes o f  o p e r a t i o n .  Dur ing  t h e  
e n t r y  p h a s e  t h e  a l g o r i t h m  g e n e r a t e s  commands w h i c h  a t tempt  t o  
m a i n t a i n  an e q u i l i b r i u m  g l i d e  c o n d i t i o n  ( l i f t  = w e i g h t ) .  During 
the  e x i t  phase the  a lgo r i thm g e n e r a t e s  bank commands based on t h e  
desired r a d i u s  of  apogee and t h e  predicted e x i t  c o n d i t i o n .  T h e  
d i f f e r e n c e  between t h e  a c t u a l  o r b i t  p l a n e  and the  desired o r b i t  
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~. . plane is used to determine the sign of the bank command. 
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I 
S A D 0  V:AOTVCM 
C 
C I M P L I C I T  DOUBLE P R E C I S I O N  (A-H.  0-2)  
D I M E N S I O N  U V D ( 3 ) . U V D S ( 3 )  
R E A L  M.KRHOD.NRR 
c DOUBLE P R E C I S I O N  M.MU.Kl .KRHOD 
C DOUaLE P R E C I S I O N  NRR 
C 
C L B K  8 8 / 1 8 / 8 7  
C 
~ i i t a a m a ~ a i a i w a t * ~ a w n w w a a ~ a a a ~ n w a a a ~ a ~ a w a ~ a a * a a * * * * a * * * * * * a * * * * * * * *  
C 
C S U B R O U T i N E  I N P U T S :  
C N A V I G A T I O N  S T A T E :  
C VR = E A R T H  R E L A T I V E  V E L O C I T V  ( F T I S )  
C SANK = CURRENT V E H I C L E  BANK ANGLE ( D E G )  
C A L F S I A  = CURRENT V E H I C L E  ANGLE OF A T T A C K  ( D E G )  ( A E R O )  
C DRAGA A C C L E R A T I O N  DUE TO DRAG ( F T / S ” Z )  
( F T / S ” 2  1 
- F P A C C  = ACCELERATION VECTOR IN FLIGHT PATH C O O R D ~ N A T E S  
XVZI = E C I  P O S I T I O N  VECTOR ( F T )  
X V Z I D  = E C I  V E L O C I T V  VECTOR ( F T / S )  
H E X I T  = D E S I R E D  E X I T  A L T I T U D E  ( F f )  
C APOTC = D E S I R E D  E X I T  APOGEE A L T I T I U D E  ( N M )  
D X V Z I  = D E S I R E D  E X I T  E C I  P O S I T I O N  VECTOR ( F T )  C 
C D X Y Z I D  = D E S I R E D  E X I T  E C I  V E L O C I T Y  VECTOR ( F T )  
C P H Y S I C A L  CONSTANTS: 
C MU = G R A V I T A T I O N A L  CONSTANTS ( F T ” 3 / S A 2 )  
C RE = EARTH R A D I U S  ( F T )  
C FPNM = F E E T  PER N A U T I C A L  M I L E  C O N V E R S I O N  FACTOR 
C RADCON = R A D I A N S  PER DEGREE C O N V E R S I O N  FACTOR 
C V E H I C L E  PARAMETERS: 
C C L  = C O E F F I C I E N T  OF L I F T  
C CD = C O E F F I C I E N T  OF DRAG 
C UT2 = V E H I C L E  WEIGHT ( L B S )  
c s = AERODYNAMIC REFERENCE AREA ( F T ” 2 )  
C A L G O R I T H M  PARAMETERS:  
C GL = G A I N  FOR L I F T  I N  REFERENCE OBAR 
c GHDOT = HDOT G A I N .  EQ. G L I D E  PHASE 
C GHDOTX = HOOT G A I N ,  E X I T  PHASE 
C GQ a PBAR G A I N .  €0 .  G L I D E  PHASE 
’ C  G O X  = P S A R  G A I N .  E X I T  PHASE 
C K 1  D E N S I T Y  F I L T E R  G A I N  
C V T R I G  = E X I T  PHASE T R I G G E R  V E L O C I T Y  ( F f / S ” 2 )  
C V B I A S  = CONSTANT COMPONENT OF I N C L I N A T I O N  DEADBAND 
C V S A T  - D I V I D E R  FOR V A R I A B L E  COMPONENT OF I N C L .  D E A D B A N D ( F T / S )  
C BNKOFF = C O S I N E  OF E a .  G L I D E  BANK ANGLE L I M I T  
C SNKOFX= C O S I N E  OF t X I T  PHASE BANK ANGLE L I M I T  
C G N C 1 7 B  - C O N S T R A I N T  F U N C T I O N  G A I N  
C OSTART = OSAR FOR G U I D A N C E  I N I T I A L I Z A T I O N  ( L B S / F T ” S )  
D E S I R E D  END C O N D I T I O N S :  0”- : 
C 0 :  C 
L 
AMXER = I N C L I N A T I O N  DEADBAND B I A S  . ._. 
ZOFF - INCLINATION DEADBAND EPSILON 
RHONOT = A T M O S P H E R I C  D E N S I T Y  A T  REFERENCE A L T I T U D E  ( S L / F T ” 3 )  
HNOT = REFERENCE A L T I T U D E  FOR E X P O N E N T I A L  D E N S I T Y  ( F T )  
n s  = SCALE H E I G H T  FOR E X P O N E N T I A L  D E N S I T Y  ( F T )  
RHOEX = D E N S I T Y  A T  E X I T  P L A N E  ( S L / F T ” 3 )  
G E X I T  = G R A V I T A T I O N A L  A C C L E R A T I O N  A T  E X I T  P L A N E  ( F T T / S * Z )  
I G O X  = NUMaER OF T I M E  S T E P S  TO W A I T  BEFORE C A L C U L A T I N G  
REFERENCE A L T I T U D E  RATE - 
EA:;KCD = C3MMANDED BANK ANGLE ( D E G )  --......*--- -c11.1 r w r i  c n: d - ~ t p ~  , ~ E G )  I20 
- 
C 
'C 
C 
C 
c 
C 
c 
COMM3N / i lYPASCM / V R .  BANK. A L F B I A .  DRAGA. F P A C C ( 3 ) .  
X Y Z I ( 3 ) .  X Y Z I D ( 3 ) .  - BANKCD. A L P C D .  
MU. RE.  FPNM. RADCON. 
e C L .  CD. UT. S.  
* H E X I T .  APOTG. D X Y Z I ( 3 ) .  D X Y Z I D ( 3 ) .  
* G L .  GHDOT. GHDOTX. GO. GOX. K 1 .  V T R I G .  
Y B I A S .  V S A T .  BNKOFF.  BNKOFX.  G N C 1 7 B .  
RHONOT. HNOT. H S .  RHOEX. G E X I T .  I G O X  
* QSTART.  AMXER. Z O F F .  
E Q U I V A L E N C E  ( R X .  X Y Z I (  1 ) ) .  ( R Y .  X Y Z I ( 2 ) I .  ( R Z .  X Y Z I ( 3 ) ) .  
( X D O T .  X Y Z I D ( 1 ) ) .  ( Y D O T .  X Y Z I D ( 2 ) ) ;  ( Z D O T .  X Y Z I D ( 3 ) )  e 
C L B K  h?0/10/87 
C 
C EXAMPLE V A L U E S  FOR S E L E C T E D  
D A T A  NPASS / 1 / 
I N P U T S  
C 
C 
C 
C 
C 
C 
C 
C 
c c. 
I 
: 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
r c
. 1  
(I). i 
C 
C 
C 
C 
C 
C 
C 
P H Y S I C A L  CONSTANTS 
D A T A  RE /20925741./ .  
MU / 1 . 4 0 7 6 4 6 9 0 1 6 / .  
FPNM . /6076 .1154 / .  
RADCON / 0 . 0 1 7 4 5 3 2 /  
V E H I C L E  PARAMETERS: 
D A T A  C L  / .29985/. 
CD / 1 . 4 4 1 6 4 / .  
UT /22417 . / .  
S / 1 2 5 6 . /  
A L G O R I T H M  PARAMETERS: 
D A T A  GL  
GHDOT 
* GHDOTX 
e GO 
GQX 
K 1  
V T R  I G 
YE I A S  
V S A T  
BFiKOFF 
D A T A  BEEOFX 
e G N C 1 7 3  
OSTART 
AMXER 
ZOF F 
D A T A  IGOX 
O k T A  G E X I T  
RHOEX 
r(F;c)T 
* RHON3T 
* H S  
/-0.75/. 
/0 .20 / .  
/0 .25/  
/ 5 . 8 / .  
10.01. 
/5 .2 / .  
/20808 1 s 
/0.030/. 
/262E0./. 
18.997564/ .  
/ 0 . 9 6 3 9 2 6 /  
/3.6/. 
/0.1/. 
/ 0 . 0 / .  
/ .01/. 
/ 2 /  
/31.0295/.  
/ 3 . 6 1 6 4 E - 1 1 / .  
/308800./. 
/ 4 . 6 2 3 5 E - 9 / .  
/ 17500. / 
C L B K  C 8 / 1 C / 0 7  
I F ( N P A S S . G T . 1 ) G O  TO 2 
C 
C I N I T X L I Z A T I O N S  
L 
G = MU / (RE 'RE)  
M=UTZ /G 
I C O U N T = 0  
L A T S U = I  
R L A T S U = L A T S U + l  
I N H I E T = l  
C A L L  C R 3 S S ( D X Y Z I D . D X Y Z I . U y D )  
C A L L  U N I T V ( U Y D . U Y D )  
NRR=0.  
H O R E F = 0 . 0  
I G O = l  
I E X I T = 0  
KRHOD= 1 . 0  
S 2 R O L L = l . 0  
U E 3 G X r O .  
U E D G A = 0 .  
S L P = 0 .  
NPASS 2 
RETURN 
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SCAM-; D O T ~ X Y Z I ~ X V Z I D )  ( R V  v )  
hD0T = V StAM 
VSO = V / V S A T  
H RV-RE 
I F  ( 3 P R E D  .LT. Q S T A R T )  GO T O  1D0 
O S T A X T = 0 .  
C 
C * *********  C A L C U L A T E  C O S f P H I )  FOR E Q U I L I B R I U M  G L I D E  *n**n***** 
C * * * * * * * * * *  SAtirC ANGLE USED FOR V E R T .  L I F T  M O D U L A T I O N  *n*** * * * *  
C 
COii;: ( W X / : C L * O P R E D * S ) )  (1.D - V * * 2  / ( G A C T  R V ) )  
C O ? H I I = C O i P l I  , 
******* 0 5 A Z  REFERENCE E Q U A T I O N  FOR E C U I L  GL .  ************* 
18 O?.EF=M*GACT/! CL*SnGL I * (  1. - V * * 2 / (  GACT*RV 1 ) 
C -
c^ * * * * * * * * * *  TEST FO% E X I T  PHASE OR E Q U I L .  G L I D E  
C 
C 
!F ( V . G T . V T Z I G )  GO TO 15 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
5 . .  - 
ICOU! tT  - I59)'JNT + 1 
I F (  1COUNT.NE. IGO)GO TO 15 
CALL HJOTC(M.H.KRHO0.GAMEXD) 
*****  S E T  G A I N S  FOR G U I D A N C E  CONTROL E O U A T I O N  I N  E X I T  PHASE ****** 
I C O U S T = 0  
I E X !  T-  1 
GO = GOX 
GHDOT = G H 3 3 T X  
I GO= i GOX 
15 C O t i T I N U E  
S L P S I S L P  
WE3;iS=WE35A 
C A L L  C R O S S ( X Y t I D . X V Z I . U Y D S )  
C A L L  U N I T ' d ( C Y D S . V Y D S )  
U i  5 3 7 = A S S (  2 Z T (  UVO. UYDS 1 1 
IF(Uf2OT.CT.l. ) U Y O O T = l .  
VEDSA=ACOS!  9 Y 5 O T  ) /RADCON 
s L ? =*'E D S A  - *'E ll G A  s 
122 
. . .  . .  
. . . .  . . . . .  . .  . . . . .  . . .  . .  .. , . . . . . .  . .  
. .  
. .  
. I  - , . .  
. .  . .  . .  . . / .  
. .  . .  I .  . .  
~ 0.. . .  
c 
C ******** COMP!JTE T'dE C O N S T R A I N T  F U N C T I O N .  Z n*n*nnnn*nnnnnnnnnn 
C 
F E Q = S N C l 7 B ' ( V S O - l .  ) 
IF(FLQ.LT.VBIAS/Z.)FEO=YBIAS/2. 
Z*FEQ*VEDGM 
IF (Z .GT.AMXER+UEDGM)Z=AMXER*WEDGM 
I F (  2. L T .  Y E I A S  ) Z - V B I A S  
IF~SLPnSLPS.GT.0..OR.INHIBT.NE.f.OR.UEDGAS.GE.Z~GO T O  18  
I N i l  I B T - 2  
I F ( F E O . G T . Y B I A S / Z . ) G O  T O  17 
IF(UEDGAS.LT.UEDGM)UEDGM=UEDGAS 
63 TO 18  
WESGM=UEDGAS 
17 C O N T I N U E  
18 C O N T I N U E  
C c mnn*nn**n CHECK ROLL REVERSAL LOCK nnannat*nnan*n*nnan 
C 
I F (  I N H I B T .  EQ. 2 .AND .ABS(  WEDGA-2) . GT.ZOFF 1 I N H I B T - 3  
c 
C 1).****nn*n S E T  R O L L  REVERSAL COMMAND ON nWnnnl.n*nn*tt*n*n**** 
C 
IF(UEDGA.LE.Z.OR.INHIBT.NE.3.OR.SLP.LE.0.)GO TO 20 
S Z R O L L = - S Z R O L L  
N R R - N R R + l .  
L A T S W - 0  
R L A T S U = L A T S U + l  
I F (  NRR. EO. 2 .  )LATSW=Z 
I F (  NRR. EO. 2. ) R L A T S U = L A T S W + l  
I N H I  S T -  1 
c I F ( ( I E X 1 T  .EO. 1 )  .AND. (OPRED .LT. . 5 ) )  G H D O T = . 0 0 0 0 1  
20 C O P H I ~ C O P H I - G H D O T ~ ~ H D O T - H D R E F ~ / O P R E D * G O * ~ O P R E D - O R E F ~ ~ O P ~ E D  
C O P H I Z = C O P d I  
I F (  ( I E X I T . E O .  1 ) .AND.(OPRED.LT.  - 5  ).AND. ( I F I X . E O .  1 )  ) C O P H I S 1  -0 
C 
C nn*n L I M I T  BANK ANGLE T O  15-165 DEGREES BEFORE 3 g 0 K  FT. nnnnnn* 
C 
C I F ( C O P H 1  . L T .  - 6 N K O F F )  COPHI- -BNKOFF 
C I F ( C O P H 1  .CT .  E N K O F F )  C O P H I -  BNKOFF 
I F (  IEXIT.EQ.l.AND.H.GT.300000. )BNKOFF=BNKOFX 
I F  ( C O P H I . L T . - B N K O F F . A N D . H . L E . 3 8 8 8 C B . I  COPHI=-BNCOFF 
I F  ( C O P H I . G T .  E N K O F F . A N D . H . L E . 3 0 0 0 0 l 7 . )  C O P H I -  BNKOFF 
I F  (COPHI.LT.-BNKOFF.AND.H.GT.3B0000.) C O P H I - - B N K O F F  
I F  ( C O P H I . G T .  BNKOFF.AND.H.GT.300000.) C O P H I =  BNKOFF 
C 
C P A S S  COMMANDED ANGLES BACK OUT T O  ENVIRONMENT 
C 
EANKCD= S Z R O L L * A C O S ( C O P H I ) / R A D C O N  
A L P C D  = A L F B I A  
C 
100 C O N T I N U E  
RETURN 
END 
. .  
* .  
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SUBROUTINE HDOTC(M,H.KRHOD.GAMEXD) 
- . <  , ~~**~*~*****~****~*~rr.lrrrc*,.rrrr.rr.r***~~* 
C -******* E X I T  PHASE REFERENCE A L T I T U D E  ******** 
C *********.  RATE PREDICTOR/CORRECTOR ******** 
L 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
SADD 
C 
C 
C 
C 
APOTG = TARGET APOGEE A L T I T U D E  ( N M )  
D I F F  = D I F F E R E N C E  BETWEEN P R E D I C T E D  APOGEE AND T A R G E T  APOGEE ( N M )  
GAMEX = P R E D I C T E D  E X I T  F L I G H T  P A T H  ANGLE ( R A D )  
G E X I T  = G R A V I T A T I O N A L  A C C E L E R A T I O N  A T  THE E X I T  P L A N E  ( F P S S )  
H A P 0  = P R E D I C T E D  APOGEE A L T I T U D E  ( N M )  
HDDEX = P R E D I C T E D  A L T I T U D E  A C C E L E R A T I O N  A T  E X I T  ( F P S S )  
HNOT = REFERENCE A L T I T U D E  USED I N  E X P O N E N T I A L  D E N S I T Y  MODEL ( F T )  
HS * S C A L E  H E I G H T  USED I N  E X P O N E N T I A L  D E N S I T Y  MODEL 
QEX = P R E D I C T E D  D Y N A M I C  PRESSURE A T  E X I T  ( P S F )  
RE = E O U A T O R I A L  R A D I U S  OF E A R T H  ( F T )  
R E X I T  - R A D I U S  A T  E X I T  P L A N E  ( F T )  
R H O E X I T  = ' 6 2  STANDARD D E N S I T Y  A T  E X I T  P L A N E  ( S L / F T f )  
RHONOT = ' 6 2  STANDARD D E N S I T Y  A T  R E F .  A L T .  USED I N  EXPON. MODEL ( S L I F T 3 )  
V E X I T  = P R E D I C T E D  E X I T  I N E R T I A L  V E L O C I T Y  ( F P S )  
V E X I T R  = P R E D I C T E D  E X I T  R E L A T I V E  V E L O C I T Y  ( F P S )  
V : AOTVCM 
I M P L I C I T  DOUBLE P R E C I S I O N  ( A - H .  0 - 2 )  
DOUBLE P R E C I S I O N  M.MU.KRHOD.Kl 
R E A L  M.KRH0D 
C 
C COMMON / HYPASCM 
* 
* 
k 
c 
C *  
c *  
c -  
c *  
c *  
C 
D E L T A  - 3 8 .  
R E X 1 7  = HEX 
1-0 
T +  
/ VR. BANK. A L F B I A S .  DRAGA. F P A C C f 3 ) .  
X V Z I ( 3 ) .  X Y Z I D ( 3 ) .  
BANKCD. A L P C D .  
H E X I T .  APOTG. D X Y t I ( 3 ) .  D X Y Z I D ( 3 ) .  
MU. RE. FPNM. RADCON. 
C L .  CD. UT. s. 
G L .  GHDOT. GHDOTX. GO. GOX. K 1 .  V T R I G .  
Y B I A S .  V S A T .  BNKOFF. BNKOFX. G N C 1 7 B .  
QSTART.  AMXER. Z O F F .  T S T E P .  RRMAX. 
RHONOT. HNOT. HS. RHOEX. G E X I T  
E 
C - S * C D / 2 . / M  
C 
C ******* M U L T I P L Y  D E N S I T Y  BY D E N S I T Y  SCALE FACTOR *9****** 
C 
C 
C ******* C A L C U L A T E  RHS OF P R E D I C T I O N  E O U A T I O N  ************ 
C 
RHONOT=RHONOT*#RHOD 
I F  ( H D R E F . G T . 2 0 0 . )  GO TO 28 
H D R E F = Z B B .  
20 RHS C * R i 4 0 N O T / H O R E F 8 H S * ( E X P ( ( H N O T - H E X I T ) / H S ) - E X P ( (  
+HNOT-H )/HS 1 )  
I - 1 + 1  
C 
C 
C 
C *********** BIAS V E X I T  R E L A T I V E  TO V E X I T  I N E R T I A L  *********** 
C 
c *******8*** C A L C U L A T E  V E X I T  R E L A T I V E  * O * * * * * * * W * * * * * * * * * * * * * *  
V E X I T R  = l . / ( l . / V R - R H S )  
V E X I T  V E X I T R  + ( V - V R )  - 
* *  ADD P O T E N T I A L / K I N E T I C  ENERGY TRANSFER TO E X I T  V E L O C I T I E S  *-• 
L 
V 2  ( ( C A C T * H - G E X I f ' H E X I T + ( V * * Z .  ) / Z .  ) * 2 .  ) * * 0 . 5  
O E L V  = V 2 - V  
V E X I T  = V E X I T  + OELV 
V E X I T R  = V E X I T R  + D E L V  
L 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
. .  
C 
C 
C 
C 
C 
C 
C 
C 
************ COMPARE P R E D I C T E D  A N 0  D E S I R E D  APOGEES **************** 
D I F F  = HAPO - APOTG 
I F  ( A B S ( O I F F ) . L T . B . S )  GO T O  56 
I F  ( S I G N ( l . D + 0 0 . D I F F ) . N E . S I G N ( l . O + 0 0 . D I F F L ) ~  D E L T A  * D E L T A I Z .  
D I F F L  = D I F F  
I F  (HAPO.GT.APOTG) HDREF=HDREF-DELTA 
I F  ( H A P O . L T . A P O T G )  HDREF-HDREF+OELTA 
GAMEXD - GAMEX / RADCON 
GO TO 20  
56 I F ( H D R E F . L T . 0 . ) H D R E F = 0 .  
RETURN 
END 
S U B R O U T I N E  U N I T V (  A. B ) 
B = A / M A G N I T U D E ( A )  
I M P L I C I T  DOUBLE P R E C I S I O N  ( A - H .  0-2) 
D I M E N S I O N  A (  3 ) .  B (  3 )  
XMAG = SORT( A (  I ) * A (  1 )  + A ( Z ) * A (  2 )  + A ( 3 ) * A ( 3 )  
B ( 1 )  = A ( 1 )  / XMAG 
B ( 2 )  = A ( Z )  / XMAG 
B ( 3 )  = A ( 3 )  / XMAG 
RETURN 
END 
SUBROUTINE CROSS( A. 6 .  C ) 
C = A X B  
I M P L I C I T  DOUBLE P R E C I S I O N  ( A - H .  0 - 2 )  
D I M E N S I O N  A ( 3 ) .  B ( 3 ) .  C ( 3 )  
C ( 1 )  = A ( 2 )  B ( 3 )  - A ( 3 )  B ( 2 )  
C ( 2 )  = A ( 3 )  * B ( 1 )  - A ( 1 )  * B ( 3 )  
C ( 3 )  = A ( 1 )  B ( 2 )  - A ( Z )  * B ( 1 )  
RETURN 
END 
DOUBLE P R E C I S I O N  F U N C T I O N  DOT( A. B ) 
RETURNS DOT PRODUCT OF A A N D  B 
I M P L I C I T  DOUBLE P R E C I S I O N  ( A - H .  0 - 2 )  
D I M E N S I O N  A (  3 ) .  B (  3 )  
DOT = A ( 1 )  * B ( 1 )  + A ( 2 )  B ( 2 )  + A ( 3 )  * B ( 3 )  
RETURN 
END 
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